species native to Asia to F. excelsior 3, 4 . In its native range, H. fraxineus is a leaf pathogen 5 with little impact 48 on its host, whereas in Europe it is killing European ash at an alarming rate and displacing the non-49 aggressive indigenous fungus H. albidus 6, 7 . The likelihood that a pathogen can infect two plant species 50 increases with their phylogenetic relatedness 8 and so, host jump epidemics like ash dieback, are an expected 51 risk of global trade of plant material 9,10 . In line with the propagule pressure theory 11 , H. fraxineus is a typical 52 invasive species that relies on high ascospore production 12 . 53
The disease was first observed in Europe in north-western Poland in 1992 and, moving West, was 54 identified in the UK in 2012 4, 13, 14 . The majority of ash trees are susceptible to the pathogen and less than 5% 55 of trees are resistant or tolerant [15] [16] [17] . Ash dieback disease is characterised by dark brown/orange lesions on 56 leaves followed by wilting, necrotic lesions on shoots then diamond-shaped lesions on the stems and finally 57 preceding dieback of the crown 13, 15, 18 . The loss of leaves in the crown of mature trees proceeds over years 58 and leads, in severe cases, to tree death. H. fraxineus is a heterothallic fungus 19 , shown to reproduce 59 asexually in vitro 20 but in the wild, probably through annual obligate sexual reproduction on fallen leaf 60 rachises in the leaf litter 3, 21 . 61 A pathogen's evolutionary potential, is rooted in its genetic diversity (i.e. its effective population 62 size) 22 . Large populations can adapt more quickly than small ones for two reasons; first, a large population 63 carries more polymorphism and so there is a greater chance that a favourable mutation is present in that 64 population. Second, the impact of random genetic drift is lower for larger populations and therefore, natural 65 selection is better able to drive those favourable mutations to fixation 23 . However, pathogen introductions 66 are often associated with genetic bottlenecks which reduce the level of genetic diversity and the efficacy of 67 selection 24 . This disparity between reduced polymorphism and invasion success is known as the genetic 68 4 paradox of biological invasions 25 . The potato late blight pathogen, Phytophthora infestans, is one such 69 example of a successful bottlenecked pathogen introduction 26 . However devastating a pathogen invasion 70 may be, multiple introductions can increase diversity higher than that of native populations 27 . Early P. 71 infestans invasions were dominated by a single clonal lineage (US-1) but this lineage was superseded by 72 lineages of increasing diversity and increasing severity 28 . The Dutch elm disease pandemic(s) was also 73 characterised by the initial intense spread of Ophiostoma ulmi which later declined and was replaced by O. 74 novo-ulmi (also subsp. americana), which went on to kill elms across two continents 2 . The level of variation 75 that has been introduced to Europe and the potential for further introduction are of critical concern and a key 76 focus of the present work. 77
Estimates of H. fraxineus microsatellite allelic richness suggest as few as two haploid individuals 78 may have invaded Europe 3 . Such a bottleneck would represent a genetic paradox and so it is important that 79 we measure nucleotide diversity across the genome as well as meaningful, adaptive diversity in the host 80 interaction genes (effectors). Furthermore, given the impact of the pathogen invasion so far, we set out to 81 understand the characteristics of the source population and the signal of the introduction in order to highlight 82 the consequences of further introduction of polymorphism via identifiable routes of intercontinental disease 83 transmission. Here, we assembled and annotated a high-quality draft genome. We quantified the level of 84 genetic variation in 43 H. fraxineus isolates from across Europe as well as 15 isolates from part of its native 85 range (Japan). In order to understand the adaptive potential of the ash dieback pathogen in Europe today as 86 well as its future potential through successive invasion, we determined the effective population size, 87 quantified the bottleneck into Europe and the estimated the size of the source population. In addition, we 88 measured signals of adaptive diversity in genes, including the secreted protein genes encoding for putative 89 effectors. The proportion of introduced adaptive variation and the potential for further introduction are a key 90 focus of the present work. 91 92
Results & Discussion 93
Population genetic diversity across the genome of the emerging invasive H. fraxineus pathogen measured 94 5 among 43 isolates from across Europe is an eighth that of 15 isolates from a single wood in Japan. This 95 general reduction in polymorphism caused by a bottleneck of two divergent individuals 96 could reflect a reduction in the pathogens adaptive potential in its introduced environment. This reduction in 97 genetic diversity is present in effectors as well as all other genes. Effectors in Europe retain a signal adaptive 98 variation but far less than that present in the native range and we discuss the implications for the predicted 99 level of virulence in Europe over the long term. 100 101
Hymenoscyphus fraxineus version2 genome approaches chromosome level contiguity 102
The Hymenoscyphus fraxineus version 2 genome assembly (Hf-v2.0) is 62.08Mbp ( Fig. 1 scaffolds and, at one end of all but one of the remaining scaffolds ( Supplementary Table 2 ). Close linkage 109 between three pairs of scaffolds missing a telomere was detected in the offspring of an H. fraxineus cross 110 using SNPs at the ends of scaffolds. After joining these scaffolds, we had an estimate of 20 chromosomes 111 (pseudomolecules) for H. fraxineus ( Fig. 1 track 2) . 112
113

The European invasion population is bottlenecked and sexually recombining diversity from Asia 114
In 43 European individuals and 15 Japanese, we identified 6.26 million SNPs overall (SNPs in Japan (Jp) 115 = 4.5×10 6 ; SNPs in Europe (EU) = 0.67×10 6 ; Supplementary information 5). A network of all genes shows 116 us that the European population is genetically divergent and bottlenecked from that of the native population 117 (Fig. 2) . The European population is significantly smaller than the Japanese in terms of genetic diversity as 118 the level of nucleotide diversity (π) of 43 individuals in Europe is an eighth of that observed in just 15 119 individuals in Japan (Wilcoxon (π), Jp genome > EU genome: W(1257)=393210, p < 0.001; Fig. 2 ). This 120 6 disparity in nucleotide diversity between Europe and Japan could, arguably, have been caused because the 121 European population was founded from a population much smaller than that of Japan. Tajima's D 31 is a 122 statistic, centred around zero, that is sensitive to changes in effective population size (and/or the mode 123 selection). In Japan, we observe a Tajima's D value close to zero across the genome (x ̅ = -0.22) which 124
indicates neutrality with purifying selection operating on genes which are more negative (x ̅ = -0.89; Fig. 2 ). 125
In Europe, the genomic signal is broadly positive (x ̅ = 1.28; Fig. 2 ). This positive value is generated because 126 the reduction in population size tends to remove high frequency alleles without equivalent reduction of rare 127 alleles ( Supplementary Fig. 10 ). This balancing of allele frequencies without a real reduction in SNP density 128 by the loss of rare alleles across the genome is consistent with a bottlenecked founder EU population from a 129 larger former population. 130
Sex is a fundamental determinant of plant pathogen adaptive potential not least because it allows 131 recombination of host interaction genes, or effectors 32 . Here, as well as observing sexual reproduction 132 between European isolates in the lab (Supplementary information 4) we see a breakdown in linkage 133 disequilibrium in the wild in Europe (Supplementary Information 6). At the genome level Japanese and 134
European populations are divergent (FST = 0.58 (95% CI = 0.54 -0.56)) but recombination decouples 135 relationships between genes. Across the genome, genetic differentiation correlates positively with diversity 136 present in the Japanese population (R 2 = 0.18, p < 0.001) but negatively with diversity present in the 137 European population (R 2 = 0.51, p < 0.001). That is to say that the more diversity present at a locus in Japan 138 the less likely it is to be shared with Europe and, the more diversity present at a locus in Europe the more 139 likely it is to be shared with Japan; a signal consistent with directionality from east to west ( Fig. 1 , tracks 6 140 & 7, Supplementary Fig. 11 ). Continued gene flow from the native range into Europe is important to prevent 141 because sexual reproduction between divergent demes may be important for plant pathogen adaptation 33 . 142 143
The European population was founded by two individuals from a large diverse population 144
Burokiene et al. 21 reported similar levels of genetic diversity (based on 11 microsatellite loci) 145 between central European populations and those on the invasion front. The authors suggest that for 7 introduced diversity to quickly spread to the invasion front either, the centre of genetic diversity quickly 147 recombined and spread by range expansion, or only a small number of divergent H. fraxineus isolates arrived 148 in Europe and present day diversity is the product of recombination among those divergent isolates. Here, 149
we use third base positions of the coding regions of Core Eukaryotic Genes (CEGs) to distinguish between 150 these scenarios and describe the invasion process. CEGs are highly conserved proteins essentially encoded in 151 all eukaryotic genomes 34 . Their importance to fundamental eukaryotic biology makes the 387 CEGs we 152 identified in all H. fraxineus individuals an ideal set to explore the European invasion whilst minimising the 153 impact of processes associated with polymorphism generation operating on other genes 35 . The bottleneck 154
into Europe has reduced the number of CEG haplotypes to 2.3 and 42% of all CEGs were monomorphic. 155
Whereas, in Japan, the average number of haplotypes was 12.6 with no less than two haplotypes per locus. 156
Strikingly, European CEGs are grouped into two divergent haplotypes and the majority of individuals have 157 one or the other of the two main haplotypes. Furthermore, the level of divergence between those haplotypes 158 reflects that across Japanese CEG networks ( Fig. 3, Supplementary Fig. 18 ). It is our interpretation that 159 these divergent haplotype pairs present in Europe have been introduction by two haploid founders as first 160 suggested by Gross et al. 3 . Moreover, the divergence between these European haplotype pairs, without 161 intermediates, represents the shadow of an ancestral population from which the European population was 162 founded. 163
The observed estimate for the haploid effective population size (ϑπ = 2Neμ) in Japan is 2.46 million 164 individuals (π = 0.0246) and the estimate from Europe is 0.67 million individuals (π = 0.00672; μ = 5×10 -9 165 per base per generation). However, this European estimate of nucleotide diversity is inflated by the 166 divergence shadow of the two haploid individuals that founded the population and we used this divergent 167 polymorphism to estimate the size of the source population from which this divergence shadow was 168 generated. Coalescent simulations of a hypothetical European source of fixed effective population size 169 which was bottlenecked to two (haploid) individuals shows us that an increase in effective population size, 170 increases the average divergence between haplotypes in the two bottlenecked individuals. We find that an 171 effective population size between 2.2 and 2.8 million individuals (closest median estimate = 2.5M) most 172 accurately replicates the observed diversity in present day European haplotypes ( Fig. 4 ). Our estimate of the 173 size of the source of the European H. fraxineus population is equivalent to that from a single Japanese wood. 174
These estimates may reflect an expectation of the equilibrium diversity in any given H. fraxineus population 175 but importantly also suggest that the European invaders could have come from a single site, perhaps even as 176 a single ascocarp (fruiting body). 177 178
10% of H. fraxineus genes putatively interact with the host 179
The similarities between the effective population size of the Japanese and the estimated European-source 180 populations suggest that the levels of genetic diversity observed in this native population reflect that of a 181 representative European source. Effectors are a broad classification of proteins that interact with the host. 182
They are secreted by bacteria, oomycetes, fungi, nematodes and aphids and they disable host defence 183 components and facilitate colonisation. As such, effectors are in a co-evolutionary arms race with host 184 resistance genes 36 and therefore can be studied for insights into pathogen adaptive potential. We used 185 localisation signals of N-terminal presequences 37 to identify secreted proteins (i.e. putative effectors) 186 throughout the genome of H. fraxineus (Fig. 1, track 5) . From a starting set of 11,111 predicted proteins 187 1,132 are predicted effectors, which we clustered into 566 tribes ( Supplementary Table 5 
Adaptive effector diversity is present in Europe, but is far greater in the native range 244
In sexually reproducing species genes may carry their own demographic history and here we can use 245 estimates of nucleotide diversity, SNP effects and non-synonymous to synonymous polymorphism to 246 understand the roles of these genes. We analysed the level of nucleotide diversity in all the genes, (including 247 putative effectors) of the European and Japanese populations ( Supplementary Table 9 ). First, there remains 248 a significant positive correlation in the level of genetic diversity present in genes between the founder 249 European and Japanese populations (gene π, R 2 = 0.180, p < 0.001; effector π, R 2 = 0.144, p < 0.001; Fig. 5) , 250 11 despite a significant (73%) reduction in nucleotide diversity in Europe (Wilcoxon (π), Jp all genes > EU all 251 genes: W(21885) = 102060000, p < 0.001; Fig. 6 ). This reduction in the level of nucleotide diversity has 252 impacted genes (other than putative effectors) and putative effector genes alike as they are no different 253 (Wilcoxon (π), EU genes ~ EU effectors: W(10942) = 5420600, p = 0.78; Fig. 6 ). Whereas, in Japan 254 putative effector genes maintain significantly greater nucleotide diversity than that of other genes (Wilcoxon 255 (π), Jp genes < Jp effectors: W(10942) = 5671200, p < 0.041; Fig. 6 ). 256 SNP effects can be characterised and we find that putative effectors in Europe have an increase in 257 SNPs found to affect splice donor sites, or found in splice regions, and 5' UTRs (Supplementary information 258 7). Importantly however, there are also increases in SNP densities in synonymous, intron, upstream and 259 downstream positions in putative effectors relative to other genes (Supplementary information 7). An 260 increase in SNP density can be the product of mutation (with neutrality) and linkage to a locus under 261 balancing selection (Hughes & Yeager 1998) . Therefore, observed increases within these effector features 262 could be the product of increased SNP density through linkage and balancing selection operating on 263 effectors, rather than an indication of the importance of the feature per se. The overall pattern of SNP effects 264 was similar in both the Japanese and European populations despite the overall reduction in diversity in 265 Europe (Supplementary information 7) . 266
Pathogens are under constant pressure to avoid detection by their hosts (van Valen 1974). Pathogen 267 effectors must adapt to avoid recognition by the host surveillance system and are expected to undergo 268 positive, diversifying, and balancing selection 52,53 . To investigate the role of selection in the maintenance of 269 polymorphism in putative effectors we assessed the level of adaptive diversity as measured using the mean 270 pairwise ratio of non-synonymous (ka) to synonymous (ks) polymorphism present at all genes. The ka:ks 271 ratio is useful to detect the presence of adaptive evolution when applied regions of genes, such as binding 272 domains, because a value greater than one is consistent with positive or diversifying selection (functional 273 divergence). Moreover, a ka:ks close to zero indicates negative or purifying selection. Here we apply the 274 ka:ks ratio across whole genes, which, we presume have different modes of selection operating across them. 275
However, we expect that effectors will retain an overall higher ka:ks value despite dilution by purifying 276 12 selection operating over the majority of the rest of the gene. 277
Approximately 97% of all ka:ks values in the European and Japanese effectors are lower than one. 278
Within this range, we observe a significant increase in the effector ka:ks over that of other genes between 279 ω = 0.2 -0.5 (Fig. 7) . This represents a reduction in the strength of purifying selection in effectors relative 280 to other genes. At ka:ks values greater than one, we observe a significant peak in the density for effectors 281 which indicates a number of effectors evolving under contemporary positive selection (Fig. 7) . Effectors in 282 Japan have higher ka:ks values than other genes (Wilcoxon (ka:ks), Jp genes < Jp effectors: 283 W(10942) = 4891800, p < 0.001; Fig. 8 ). In Europe, effector adaptive diversity has been maintained despite 284 the bottleneck, albeit at a lower level than in the native range (EU genes < EU effectors: 285 W(10942) = 1750600, p = 0.045; Fig. 8 ). Finally, consistent with linkage and balancing selection 54 , the level 286 of synonymous polymorphism (ks) is also higher in effectors in both Japan and Europe (Wilcoxon (ks), Jp 287 genes < Jp effectors: W(10942) = 4399800, p = 0.040; Wilcoxon (ks), EU genes < EU effectors: 288 W(10942) = 1804900, p = 0.001; Fig. 8 ). We observe these ka:ks increases in effectors despite (presumed) 289 purifying selection operating across a portion of the coding region. Pseudogenes too, may have a ka:ks ratio 290 increased towards one. However, pseudogenisation could be more readily observed for effectors that are 291 increasingly recognised by the immune system 55 . Here, we do not observe a significant increase in start lost, 292 stop gained or stop lost variants in effectors over other genes (Supplementary information 7, Table 10 ) but 293 more generally we believe that any impact of pseudogenisation on ka:ks is important to recognise. 294 295
Conclusions 296
The bottleneck of H. fraxineus into Europe removed the majority of neutral and much of the adaptive genetic 297 variation. Despite this, the pathogen has decimated ash from East to West. Host defence is characterised in 298 terms of levels of susceptibility 56 and with native effector (and genome) diversity high, further introduction 299 of pathogen genetic diversity runs the risk of increasing disease prevelence 57 . Successive invasions can both 300 increase the level of genetic diversity above that of native populations and drive temporal fluctuations in 301 important pathogen diversity 27,58 . Finally, an increased virulence at invasion onset, due to the density of 302 13 uninfected hosts 59,60 , may be attenuated by natural selection on the pathogen as uninfected density reduces 61 303 but this is much less probable where continued gene flow is allowed. For all of these reasons, it is most 304 important to prevent further introduction of pathogen diversity to Europe. 305 Tree pathogens can be accidentally introduced because of commercial trade of live trees, wood and 306 wood products 1 and we are unable to manage host resistance in the same way that we do for crops 62 . If we 307 interpret the divergence between founder haploids to mean that multiple native genotypes can invade, we 308 face a situation in which the majority of genes (91.9%) from a single additional haploid individual from the 309 Japanese population would harbour a novel allele. Given the overall number of haplotypes present in Europe 310
and Japan, any further migration from the East is likely to be accompanied by extreme increases to the level 311 of adaptive polymorphism and disease severity of the European population. 312
Here we publish a high-quality H. fraxineus genome with annotation and we begin to analyse the 313 population genetics of the European invasion using a limited sample of the native range. Further population 314 genetics analyses including broader sampling of single isolates from the native range will allow robust 315 modelling of the source meta-population and the invasion scenario. Moreover, population genetics of de 316 novo assembled isolates can be used to unravel processes of genome evolution given the specifics of this 317 two-haploid introduction. Important for the understanding of the disease progression is the combination of 318 native effector nucleotide statistics with targeted RNA-seq experiments. 319
Notwithstanding the potential impact of an introduction of the emerald ash borer 18,63 , current levels 320 of European pathogen genetic diversity may infect 95% of all European ash. We must consider the 321 implications of further introduction of diversity from the ash dieback pathogen. 322 323
Materials & Methods 324
Hymenoscyphus fraxineus collection and sequencing 325
A total of 44 Hymenoscyphus fraxineus isolates from Europe (21 UK, 13 Norway, 5 France, 4 Poland, 1 326 Austria) and nine from Japan (one haploid and eight fruiting bodies) were collected and cultured on malt 327 extract agar 13 . Species confirmation was performed by assignment using PCR and sequencing of ITS 328 14 sequences. DNA was sequenced at either Edinburgh Genomics or The Earlham Institute on MiSeq and 329 HiSeq Illumina platforms to between 25-160 sequence depth ( Supplementary Table 1 ). 330
Genome Assembly and annotation of H. fraxineus 331
As part of a commitment to open science and rapid community analyses, the genome of isolate KW1, Hf- Information 2). 339
The annotation pipeline used for genome Hf-v1.1 29 was replicated on Hf-v2 adding newer RNA-seq 340 data available via the Open Ash Dieback repository (Supplementary Information 3) . The Hf-v2 genome was 341 repeat masked using de novo modelled repeats, known fungal and low complexity repeats 342 (REPEATMODELER v1.0.8, REPEATMASKER v4.0.5 68 ). Annotations (9,737) from Hf-v1.1 were transferred to 343
Hf-v2 using GMAP 69 . AUGUSTUS v2.7 70 was used to predict additional protein-coding genes using protein 344 and RNA-seq alignments (16 libraries , Supplementary Table 16 ) with the previously trained 345
Hymenoscyphus fraxineus model. We ran a transcript extension protocol on all genes to identify whether 346 those genes within 100bp of an upstream gene had evidence for extension. In addition, we checked this 347 extended gene dataset for potential secreted proteins. This protocol allowed the identification of 36 genes 348 that had not previously been recognised as having a methionine start codon which were included into our 349 effector-mining pipeline. 350
We used the pipeline described by Saunders et al. 29, 37 to identify putative effectors. Briefly, 351 SIGNALP4 (-t euk -s notm -u 0.34) was run to identify transcripts with a signal peptide and from these 352 TMHMM and TARGETP were used to remove transcripts with transmembrane or mitochondrial localisation 353 signals 71 . Finally, secreted proteins were clustered into tribes using TRIBEMCL v12.135 (e-value 10 -5 ) 72 . 354
We used T-REKS 73 to identify repeats, the Disulfide algorithm 74 to predict disulfide bonds and 355 PREDICTNLS 75 to predict nuclear localisation signals. 356
Mapping and SNP calling 357
Reads were trimmed for Illumina adapters and Phred quality (-q20) and discarded where length was reduced 358 below 80bp (TRIM GALORE v0.3.3; Babraham Institute, Cambridgeshire, UK). Read alignment and mapping 359 were performed using BWA-MEM v0.7.7 76 . SAMTOOLS v0.1.19 and BCFTOOLS v0.1.19-44428cd 77 were 360 used to sort, remove duplicate reads, mpileup (-D) and call variants (bcftools view -cg). VCFTOOLS 361 v0.1.13 78 was used to filter variants to a minimum depth of ten, maximum depth of 1.8 × mean individual 362 depth and a SNP genotype quality of at least 30. SNP sites with more than two alleles were excluded as 363 likely errors, as were sites reported as heterozygous in haploids. Finally, sites that were missing in 20% or 364 more individuals were also removed. Three samples were removed from further analyses because of 365 insufficient depth or evidence of contamination (20 UK, 13 Norway, 5 France, 4 Poland, 1 Austria, 8 Japan 366
(1 haploid 7 fruiting bodies); see Supplementary Information 1). 367
Phasing fruiting body samples 368 SHAPEIT2 79 , used to phase fruiting body data, first applies a phase informative read step (extractPIRs) to 369 group SNPs present on the same read pair and then phases remaining SNPs using population level 370 polymorphism in the second step (assemble --states 1000 --burn 60 --prune 60 --main 300 --effective-size 371 564000 --window 0.5). All Japanese samples including the haploid strain were used in the phasing step. As 372 part of the phasing process indels must be removed from the dataset. Effective population size (ϑ=2Neμ) was 373 calculated assuming a mutation rate of 5×10 -9 per generation per site 80 using the mean nucleotide diversity 374 present in 100Kbp windows in the Japanese population. 375
SNP diversity and divergence analysis 376
Polymorphism statistics and sliding windows i.e. sites per individual, SNP depth, transition/transversion 377 (Ts/Tv) ratio, linkage (--thin 1000; --ld-window-bp 500000), π and FST were conducted using VCFTOOLS 378 v0. is significantly higher for effectors over a considerable range of the distribution between zero and one 515 (p < 0.001). This is evidence for reduced efficacy of purifying selection in these genes. ka:ks greater than 516 one (less than two; inset) also contains a peak for effector genes which is consistent with the operation of 517 positive selection driving adaptive change in these effectors (p = 0.01). The signal of polymorphism visible to natural selection is greater in effectors than other genes in both Japan 523 and Europe. However, the strength of this signal has been reduced in the European population. 524
Synonymous site density is significantly higher in effectors in both the European and Japanese populations. 525
